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ABSTRACT 
The life-history strategy that an individual exhibits is shaped by trade-offs between 
maximizing the number of viable offspring it produces and retaining enough resources to 
ensure its own survival.  The balance between these two aspects is strongly influenced by the 
environmental conditions the individual experiences in its lifetime and can be affected by the 
effort an individual puts into each reproductive cycle.  In this thesis, some of these 
reproductive trade-offs are studied in discrete populations of the western terrestrial garter 
snake, Thamnophis elegans.  Populations of this species in the vicinity of Eagle Lake, 
California, have diverged along the two ends of the life-history continuum.  Populations at 
the slow life-history end of the continuum can be found in high elevation meadow habitats, 
where they experience lower temperatures, lower predation, a high occurrence of parasitic 
infections, and much variability in food supply.  In these populations, individuals mature and 
grow more slowly, have few offspring per litter, and reproduce infrequently, often skipping 
years in reproduction.  On the other end of the continuum, populations of the fast life-history 
strategy are found at lower elevations along the lakeshore, and experience higher 
temperatures, higher rates of predation, and an abundant food supply.  Individuals in these 
populations mature quickly and grow larger overall, have many offspring per litter, and 
reproduce annually.  In this study, we qualified levels of multiple paternity and reproductive 
success between these two different life-history strategies as a measure of comparing 
possible mating strategies, and also tested for differences in the plasma concentrations of 
testosterone, a hormone that regulates fertility and mating behaviors.  Multiple paternity, a 
situation in which multiple fathers can contribute to a single litter of offspring, was consistent 
between the two life-history strategies.  Although individuals of the two different life-history 
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strategies are achieving a similar number of fathers contributing to each litter, they are doing 
so by different means.  In the slow life-history strategy individuals, it appears that females 
obtain more diverse litters through bet-hedging, or mating with multiple males in order to 
increase the genetic diversity of their offspring.  In fast life-history populations, which have 
more offspring per individual than in the other population, the similar number of fathers 
contributing to a litter suggests that females are being more selective in which males they 
mate with.  If they were bet-hedging, we would have expected to see more fathers in one 
litter of offspring than in the slow life-history individuals.  We also found that reproductive 
skew is higher in the fast life-history litters, indicating that relatively few males are 
responsible for fathering a majority of the offspring within those populations.  It is likely that 
these findings are related to the differences in circulating plasma testosterone, between the 
two populations.  This higher concentration of testosterone could mediate the reproductive 
behaviors and processes that account for these significant differences in reproductive success 
and multiple paternity observed between these two divergent populations of garter snake.  
These finding are discussed in terms of life-history evolution, as is mediated by 
environmental constraints and physiological processes. 
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CHAPTER 1.  GENERAL INTRODUCTION  
 
Introduction  
An organism's fitness is dependent on its ability to successfully produce offspring, which 
can, in turn, reproduce.  Therefore, fitness increases for an individual with by increasing the 
number of viable offspring that it produces.  However, the energy and resources that an 
organism expends on reproduction must be balanced between growth and survival of the 
organism itself, which may be optimized in the form of a trade-off of these two aspects.  
Along with allocation decisions for growth and maturation, the specific way in which these 
energetic trade-offs have been shaped in a particular organism makes up its life-history. 
 Within reproduction, trade-offs are often focused on: offspring size, number of 
offspring produced, and the frequency of reproductive output.  The hypothesis of there being 
an optimal number of offspring that an individual has, and an optimal amount of resources 
allotted to increase the size of those offspring was first introduced in the late 1940s (Lack, 
1947).  Under this theory, individuals that have many offspring in one clutch or litter would 
have to distribute their limited energy and resources among all of the offspring, thus resulting 
in smaller offspring overall, which could result in increased mortality of the offspring prior to 
their reaching sexual maturity.  If, however, an individual has only a few offspring in a 
reproductive bout, it will be able to devote more resources to each offspring, generally 
resulting in larger offspring that will have a better chance at survival.  In addition to these 
trade-offs in offspring number versus quality, there are other mechanisms an organism can 
use to potentially increase the probability of producing surviving offspring, one of which is 
mating strategy. 
2 
 
      
 The mating strategy of an organism can have large consequences on how well the 
organism's offspring are able to cope with their environment and survive to adulthood.  The 
three mating strategies, or systems, are monogamous (i.e. one male and one female mate for 
life), polygamous (i.e. a male mates with multiple females (polygyny), a female mates with 
multiple males (polyandry), or both males and females have several different mates 
(polygynandry)), and promiscuous (i.e. males and females have multiple mates, often as 
many as will accept mating attempts) (Andersson, 1994).  Polygamous and promiscuous 
mating strategies exist when the costs associated with mating (e.g. disease transmission, 
injuries sustained during mating) are low, and the potential benefits are high (e.g. increased 
genetic diversity of offspring that potentially increases survival in variable environments).  
As a consequence of a female mating with several different males, multiple paternity is often 
present when these two strategies are used. 
 Multiple paternity is the phenomenon in which the offspring within a single clutch or 
litter can be fathered by several different individuals.   This can be regulated by a number of 
factors from the female or male perspective.  For example, females can exert choice of males 
by only mating with particular males, or by controlling which sperm fertilize her ova post-
copulation.  Males can also choose to mate with only certain females, but their access to 
females can also be inhibited by territorial disputes with other males, who might protect the 
female with which they have mated.  An additional form of competition for the male's ability 
to inseminate a female's ova is sperm competition, where, after mating, the strongest sperm 
presumably has a better chance at actually fertilizing an egg, with the success having little to 
nothing to do with female sperm selection. This variation in fertilization (i.e. reproductive) 
success can lead to reproductive skew, where some males father more offspring overall than 
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other males in the population.  At a physiological level, either a male's ability to hold a 
territory and attract mates, or differences among males in sperm production and quality, both 
of which can contribute to reproductive skew, may be controlled by the androgen 
testosterone. 
 Testosterone is the main androgen involved in sexual functions, characteristics, and 
behaviors in most vertebrate males.  In many species, its production occurs in a cyclical 
nature, with increases in the circulating levels of testosterone corresponding to times of 
mating, where male-male competition for females increases in territorial species.  It is also 
found to increase during the time when spermatogenesis occurs, a process for which 
testosterone is needed.  Given the importance of this hormone for reproductive processes and 
functionality, testosterone, in addition to a range of other hormones, is believed by many to 
be a key to understanding the mechanistic (i.e. physiological) control of differences in life-
history strategies. 
 In this thesis, I quantify variation in  reproductive strategies and success, as well as 
variation in circulating levels of testosterone, in populations of the western terrestrial garter 
snake, Thamnophis elegans.  Populations of this species of snake found in a mountainous 
region of Northern California exhibit differences in life-history strategies that include 
divergence in life span, overall size, age to maturity, litter size, and the frequency of 
reproduction.  These pronounced differences, which are tied to variation in habitat type, 
provide a fascinating and unique system to test for possible disparities in reproductive 
success between the two life-history strategies, and, at a physiological level, the potential that 
any differences found in this success might be explained by differences in hormone function.   
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Thesis Organization 
My thesis is organized into four main chapters.  In the first chapter, I give an introduction to 
the original research covered in chapters two and three.  Chapter two focuses on original 
research I conducted in order to quantify variation in paternity frequency and reproductive 
success among populations of the western terrestrial garter snake that differ in life-history 
strategies.  In chapter three, I expand upon the previous chapter with research in this same 
system, but focused on potential differences in testosterone levels that could be associated 
with my previous findings in terms of reproductive success.  In chapter four, I offer an 
overall conclusion to this research.   
 
Literature Cited 
Andersson M (1994) Sexual Selection.  Princeton University Press, Princeton, NJ. 
Lack D (1947) The significance of clutch size.  Ibis  89: 302-352. 
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Abstract 
In animal species that can have multiple sires for each female's reproductive event, many 
questions remain equivocal in the literature such as what environmental factors affect 
frequency of multiple paternity, the optimum number of sires per litter, and male and female 
optimal reproductive strategies.  Here, we take advantage of natural life-history divergence 
among populations of garter snakes to address these questions in a robust field setting.  These 
populations have diverged along a slow-to-fast life-history continuum; at one end, 
individuals have fast growth to maturation, large reproductive effort, and short lifespan 
relative to individuals in slow-lived populations. We utilize molecular markers to determine 
the minimum number of sires in 56 litters and estimate male reproductive success from 
replicate populations of both life-history strategies.  We found that despite dramatic 
differences in average annual female reproductive output: (1) females of both life-history 
strategies average same number of sires per litter, although simulations based on a numerical 
odds argument predict that fast life-history females, with their larger litter sizes, should have 
twice the number of sires as slow life-history females; (2) the percentage of multiply sired 
litters did not differ between life-history strategies; and (3) males of the fast life-history 
strategy have higher reproductive success with more variance among males, relative to slow 
life-history males.  Together, these results indicate strong intrasexual competition among 
males, particularly in the fast paced life-history ecotype.  We discuss these results in the 
context of competing hypotheses for multiple paternity related to bet-hedging, resource 
variability, and life-history strategies. 
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Introduction 
 
The plasticity of life-history characteristics (i.e. reproduction, growth, and survival) is 
thought to be determined by proximate causes such as differential resource allocation (e.g. 
energy, nutrients, time), parasites, and seasonality; and ultimate causes, such as evolutionary 
adaptation to climate and predation (Mayr 1961).  Reproduction, in particular, is an 
energetically costly process that requires investment by both females (i.e. number and size of 
offspring) and males (i.e. number of matings, sperm size and quality) (Schwarzkopf & Shine 
1991).  This differential nature of investment makes reproduction an informative trait to 
study when unraveling the mechanisms behind life-history evolution.    
 Differential investment in reproduction among individuals in a population can result 
in reproductive skew either between sexes or among individuals of the same sex (Clutton-
Brock 1989), in which some individuals have disproportionately more offspring than others, 
with potential trade-offs in other life-history characters.  In typical vertebrate populations, 
reproductive skew is emphasized in promiscuous mating systems due to increased occurrence 
of multiple paternity (where more than one sire fertilizes a female‘s ova) (e.g., swordtails, 
(Luo et al. 2005)), or due to a single male dominating a harem (e.g, elephant seals, (Hoelzel 
1999)).  Multiple paternity is relatively common in wild populations of all classes of 
vertebrates, as well as many invertebrates (Simmons 1988), and represents one component of 
reproductive life-history strategy.   
 Differences in reproductive investment and level of multiple paternity have the 
potential to vary with life-history and environmental conditions.  For example, in a resource 
rich environment where most reproductively mature females can dedicate resources to 
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offspring, male-male competition may result in relatively fewer males (compared to females) 
contributing to the next generation.  In a fluctuating environment, resource limitation may 
result in few females having the resources necessary to dedicate to offspring (as opposed to 
survival and maintenance).  Adding an additional layer of complexity, this resource-limited 
scenario may also increase male-male competition (predicted to decrease the number of 
males reproducing), while increasing bet-hedging in females (i.e. increasing the number of 
males a female mates with to increase the genetic diversity of her offspring), which is 
predicted to increase the number of males fathering offspring in the population.  This sexual 
conflict between females and males in the benefits of multiply mating can lead to sexual 
selection and increased reproductive skew (Figure 1).  Increased reproductive skew can in 
turn decrease the effective population size (Ne), and ultimately the ability of a population to 
respond to selection, due to a decrease in genetic variability and potentially an increase in 
inbreeding (Charlesworth 2009).  Thus understanding the interplay between reproductive 
life-history traits (i.e. litter size, frequency of reproducing, frequency of multiply mating), 
and the reproductive strategy (e.g. sexual selection) is essential to understanding how 
populations evolve.  
 Differences in the interactions between life-history traits and reproductive strategies 
can vary among species.  A recent study in the slipper limpet (Le Cam et al. 2009) found that 
both the number of fathers contributing to a brood, as well as the relative contributions of 
each of those fathers had the potential to influence life-history traits (i.e. rate of larval 
growth), even though most broods showed reproductive skew toward a smaller number of 
fathers.  Neff et al. (2008) found a weak relationship between life-history and reproductive 
tactics in ‗fast-living‘ (i.e. fast growth /early maturation) guppy populations having higher 
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predation, with the higher predation populations having higher than expected number of 
fathers contributing to the litters.  Yet another study, among species of birds, showed that in 
species characterized by being short-lived, females are more likely to have extra pair matings 
(Arnold & Owens 2002).  Thus, expectations based on current theory must incorporate both 
life-history patterns, and a characterization of the environment.  Furthermore, more empirical 
data are necessary to elucidate these complex relationships. 
 The metapopulation of western terrestrial garter snakes, Thamnophis elegans, around 
Eagle Lake in Lassen County, California, offers an opportune and well-established study 
system to test for differences in multiple paternity and reproductive skew in the context of 
the evolution of life-history strategies.  These discrete populations of snakes are dichotomous 
in habitat type, either found around the rocky shore of Eagle Lake, with constant food and 
relatively high levels of predation, or in higher elevation mountain meadows, with fluctuating 
levels of food and water, dependent upon annual snow melt (Miller et al. 2011).  Divergence 
in life-history characteristics between the two types of habitats has resulted in two distinct 
life-history ecotypes of T. elegans (Bronikowski & Arnold 1999), with evolutionary 
divergence of additional axes being well documented in these populations (coloration and 
morphology: Manier et al. 2007; physiology: Bronikowski & Vleck 2010; Robert & 
Bronikowski 2010; Sparkman & Palacios 2009).  Most relevant to this study are the striking 
differences in reproduction between the two ecotypes (Sparkman et al. 2007).  In fast-living 
lakeshore habitats (―L-fast‖ ecotype), the females are large, grow quickly, reach sexual 
maturity at 3 years of age, reproduce annually with large litters, and have a short lifespan 
(median of 4-5 years), relative to slow-living meadow females (―M-slow‖ ecotype), who 
grow slowly to a smaller body size with delayed sexual maturity (4-5 years), reproduce 
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infrequently (every other year at most), and have smaller litters, but live twice as long as L-
fast snakes on average.  It is currently unknown when the majority of mating occurs (likely 
spring, but we have seen fall matings as well), but gravid females can be found in May-July, 
with live birth occurring in September.  The females are likely capital breeders; depending on 
the stored resources from the previous year for reproduction in a current year (Madsen & 
Shine 1999).  Additionally, during gestation, females must actively thermoregulate to a 
relatively precise body temperature for embryonic development (Arnold & Peterson 2002; 
O'Donnell & Arnold 2005) and many stop eating midway through gestation (Bronikowski & 
Arnold 1999).  Thus, it is thought to be more costly for females to invest in reproduction than 
males. 
 Based on T. elegans being non-territorial, with a promiscuous mating system and no 
parental care, as well as high population densities, we would expect levels of multiple mating 
to be high if cost of mating for females is low.  Following this, if females are not exerting 
choice for sires (used here to include both mate choice and/or cryptic choice via in utero 
sperm selection), we would expect the level of multiple paternity to also be high; indeed 
other studies on a small number of litters (n = 6) for this species have detected multiple 
paternity of up to three males (Garner & Larsen 2005).  If mating rates are equivalent 
between ecotypes and there is no female choice, we would expect increased multiple 
paternity in the L-fast ecotype.  This expectation is based simply on a numerical odds 
argument; larger litters are expected to have a larger number of sires due to an increased 
probability that each male‘s sperm fertilizes at least one ovum, if all sperm have an equal 
likelihood of fertilizing an egg (i.e. fair raffle of sperm) (Parker 1990).  However, it is 
possible that a positive correlation between litter size and number of fathers could also be 
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due to sexual selection for males to mate with larger (more fecund) females (Becher & 
Magurran 2004; Neff et al. 2008).  Given the resource-dependent reproduction found in the 
resource-limited M-slow life-history populations, we predicted that M-slow ecotype dams 
would exhibit higher than expected levels of multiple paternity due to bet-hedging.  This 
would allow for more genetically heterogeneous offspring, of which some are more likely to 
survive in this variable habitat (Neff et al. 2008).  If the variable environments are not having 
an effect on the mating system, we expect the M-slow ecotype to have a lower level of 
multiple paternity, due to the decreased probability of a mate's sperm fertilizing an egg in the 
smaller pool of ova within each M-slow female relative to the L-fast females. 
 Using this system of diverged garter snake life-history ecotypes, we specifically test 
for differences between these two ecotypes, sampling from several populations of each, in 
the occurrence of multiple paternity, the average number of fathers per litter, male 
reproductive success, and female reproductive success.  To quantify the consequences of 
these life-history strategies, we compare three measures of reproductive skew:  between 
sexes within population, among individuals within each sex for each population, and among 
sires within litters.  We also estimate population densities, male to female sex ratios, and 
effective population sizes (Ne) to model the impact of mate encounter rate on our findings.  
Finally, we perform two simulation tests: the first to test for deviations from expected 
multiple paternity if mating is random and there is a fair raffle of sperm, and the second to 
test for differences in multiple paternity between the ecotypes if the L-fast ecotype litters 
were reduced to M-slow litter sizes.  The findings are discussed in terms of the current 
theories of life-history evolution and the persistence of multiple paternity in natural 
populations.   
12 
 
      
Materials and Methods 
 
Populations and DNA sampling 
Blood samples were collected from six populations surrounding Eagle Lake in Lassen 
County, California, USA, over a span of three years (2006-2008).  A total of 269 samples 
were collected from 120 adult males and 149 adult females (pregnant and non-pregnant) in 
these populations.  Males and females were sexed, weighed, and measured (snout-to-vent 
length (SVL)).  Of the 269 adults sampled, 104 came from three L-fast populations, and 165 
came from three M-slow populations (Table 1; Figure 2).  In 2006, a total of 56 gravid 
females (L-fast: n = 30, M-slow: n = 26) were brought back to the lab and their litters were 
born in captivity (Table 1).  Neonates (n = 413) were sexed, weighed, and measured (SVL).  
Additionally, a tissue sample, consisting of muscle from the tail tip, was taken from each 
neonate for genetic analyses.  Overall, 682 samples were included in the subsequent analyses.  
Populations are designated by letter (M for meadow, L for lakeshore) and number 
combinations previously used in Bronikowski and Arnold (1999), or assigned a new number 
(Figure 2).  
 
Genotyping 
The DNA was purified from the blood and tissue samples using a standard salt extraction 
method modified from Sunnucks and Hales (1996).  Purified DNA was diluted to 25 ng/µl to 
achieve consistent genotyping results.  Eight highly variable microsatellite loci that were 
reported in previous publications (Garner et al. 2004; Manier & Arnold 2005; McCracken et 
al. 1999; Prosser et al. 1999) were modified slightly for this study (Table 2).  An M13-tail 
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was added to one primer from each locus to allow for cost-effective fluorescent tagging with 
M13 fluorescently-labeled primers (Boutin-Ganache et al. 2001).  The loci were organized 
into three multiplexes for amplification, using a Type-it Microsatellite PCR kit (QIAGEN).  
All loci were amplified in 7µl reactions using 25ng DNA, 0.03-0.65ng of each locus-specific 
reverse and forward primer, 0.5-0.6ng of the M13 primer labeled with a fluorescent dye, and 
3mM MgCl2 (in Type-it Multiplex PCR Master Mix).  Amplification was performed with a 
Bio-Rad iCycler 96-well PCR thermal cycler at 95°C for 5 min to denature, and then a cycle 
repeated 30 times of 95°C for 30 sec, 57°C for 1 min 30 sec, and 72°C for 30 sec, and lastly 
an extension of 30 min at 60°C.  After amplification, 0.5 µl of each sample from each 
multiplex (1.5 µl total PCR product per sample) was mixed with 8.5 µl H2O to create a 1:20 
dilution.  1.5 µl of each of these diluted samples was electrophoresed at the Iowa State 
University DNA Facility using the ABI 3100 Genetic Analyzer (Applied Biosystems), with 
dye set G5 and the internal size standard LIZ.  To minimize scoring biases and errors, we 
used GENEMAPPER (Applied Biosystems) to define allelic bins.  The electropherograms were 
scored automatically by GENEMAPPER and subsequently verified or corrected by eye, 
independently by two researchers (MBM, TSS).          
 
Loci verification and population genetic measures 
The adult genotypes were analyzed in the program MICROCHECKER (Van Oosterhout et al. 
2004) to test for the presence of null alleles, large allele dropout, and Wahlund effect.  The 
null allele error frequencies used in the paternity analysis were also obtained from this 
program (described below).  Pairwise estimates of linkage disequilibrium were calculated in 
GENEPOP (Raymond & Rousset 1995).  Hardy-Weinberg equilibrium was calculated for each 
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locus by population combination in ARLEQUIN v.3.11 (Excoffier et al. 2005) using an Exact 
test with Markov chain lengths of 10,000 with 1,000 dememorization steps.  Significance 
values were corrected for multiple testing using a Sequential Bonferroni correction (Rice 
1989).  The TelCa3 locus was dropped from the subsequent population structure and 
paternity analysis due to the presence of null alleles and significant deviation from Hardy-
Weinberg equilibrium (see results).  
 For each population, estimates of genetic diversity were averaged over the seven loci.  
These included observed and expected heterozygosities (Avg HO and Avg HE, respectively), 
unbiased genetic diversity (Nei 1987), the size range of the alleles in base pairs (bp), average 
number of alleles, total number of alleles, and number of private alleles.  Polymorphic 
information content (PIC) (Bolstein et al. 1980) and paternity exclusion power was 
calculated in CERVUS 3.0 (Kalinowski et al. 2007).  The program ARLEQUIN (Excoffier et al. 
2005) was used to calculate pairwise FST values to estimate genetic distance among the 
populations, and FIS as an estimate of inbreeding within populations using FSTAT (Goudet 
2001).   
 
Paternity Analysis 
Only those litters in which >60% of the offspring were genotyped were included in the 
paternity analyses, because when half or less of the litter was sampled, the chances of 
missing sires was increased.  The cause for less than 100% sampling of litters was primarily 
failure to extract high quality DNA from stillborns and a few early deaths.  The minimum 
number of fathers that contributed to each litter was determined using COLONY (Wang 2004).  
This program is designed to assess offspring in a population, along with adult females and 
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males, and analyze the likelihood that the offspring are related to each other (i.e. are 
siblings), as well as the likelihood that any of the input females and males are related to the 
offspring (i.e. are mothers and fathers of the offspring).  For litters where not all offspring 
were available for genotyping, the actual number of fathers may be higher.  The dataset 
included genotypes of known mother/offspring relationships and genotypes for adult males 
serving as potential fathers, without any designation of relatedness.  Each population was 
analyzed separately using population-specific allele frequencies calculated from all of the 
adult samples in that population and estimated rates of errors (i.e. null alleles, mutations, 
genotyping error), which were estimated in MICROCHECKER, as well as with the occurrence 
of mismatches between mother and offspring alleles.  Using the allele frequencies, as well as 
the known mother offspring relationships, COLONY generated expected genotypes of the 
males contributing to each offspring in a litter with a 95% confidence level.  COLONY settings 
were as follows: polygamous female and male mating systems, dioecious and diploid species, 
medium run length, full-likelihood analysis method, medium likelihood precision, and no 
sibship size prior.  To assess the accuracy of our results, and to identify the effects of 
different error rates on the number of fathers assigned to a litter, simulations were conducted 
in COLONY utilizing varying genotyping error rates (0% - 2%), as well as different run 
lengths (medium - very long) and precision levels (medium - high).  Our paternity 
assignments were robust to these variations. 
 
Reproductive success and multiple paternity  
Reproductive effort was measured in females by total litter size (i.e. all live births and 
stillborns) for each female, and was measured in males by identifying how many offspring 
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each male sired within the sampled females in a population.  Because not all males and 
females in each population were captured, male reproductive success is only measured out of 
the offspring that were sampled, and may not represent the total number of offspring fathered 
by a single male.  Statistical analyses were performed in SAS 9.1 (SAS Institute).  
Hierarchical analysis of (co)variance was conducted for the following three dependent 
variables:  average number of fathers per litter (ANF), female reproductive success (FRS) 
and male reproductive success (MRS).  Ecotype and population-nested-within-ecotype were 
the main effects in all three analyses.  The analysis of ANF also included the effect of litter 
size; the analysis of FRS also included the covariate of body size (snout-to-vent-length, 
SVL).  
 To address the idea that multiple paternity could simply be a function of male/female 
encounter rate and population density, population density was calculated by dividing the 
effective population size found with the program ONESAMP (Tallmon et al. 2008), by the 
approximate area (m²) of the population and compared across the ecotypes.  Male to female 
sex ratio was calculated by estimating the number of reproductive-sized males and females in 
each of the populations included in this study from field-capture data from 2005-2008.  Thus, 
populations with male to female sex ratios closer to 1, have a more equal distribution of 
sexes.  Populations with numbers lower than one indicate a female bias. 
 
Estimates of reproductive skew 
To evaluate how the reproductive traits within each ecotype could affect the distribution of 
reproductive success among different groups of individuals, we calculated three estimates of 
reproductive skew within each population or ecotype.  (1) To test for differences in the 
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distributions of reproductive success, we employed a Kolmogorov-Smirnov Test (Massey 
1951) at three levels:  between males and females within ecotypes, among males between 
ecotypes, and among females between ecotypes.  (2) To test for skew of reproductive success 
among breeders within a sex we used an Index of Variability ("I-V") (Araki et al. 2007), the 
variance in reproductive success among individuals of the same sex divided by the mean 
reproductive success for that sex in a population.  Based on the expected Poisson distribution, 
a value of one indicates reproductive success was evenly spread among the individuals 
within that sex within population, whereas an inflated value indicates one or more members 
of that sex had disproportionately higher reproductive success, possibly a result of mate 
choice or other type of sexual selection.  (3) To estimate skew among the sires contributing 
to each litter (Skewwithin litter) at an ecotype and population level, as an indication of sperm 
selection and/or female choice versus a fair raffle we used a skew estimate from Neff et al 
(2008).  Values significantly different from zero indicate a skew among sires contributing to 
each litter.  
 
Estimating levels of multiple paternity through simulations 
We used simulations to generate a null expectation for the number of sires per clutch if there 
was random mating within a population, as though based on encounter-rate, and fertilization 
success was a fair raffle, with no sexual selection (Simulation Fair Raffle).  In the simulation 
we randomly assigned sires to offspring (offspring remained associated with dams) in the 
population, assuming the observed level of reproductive success (Neff et al. 2008).  Based on 
a fair raffle, the probability of multiple paternity resulting from multiple matings increases 
with litter size, as does the ability to detect more than one sire per litter.  To better compare 
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levels of multiple paternity between the ecotypes, we conducted a second simulation 
(Simulation Restricted) to determine the detectable levels of multiple paternity if L-fast dams 
were restricted to having M-slow-sized litters.  The distribution of M-slow litter sizes was 
randomly assigned with replacement to L-fast dams.  For each L-fast dam, we made pseudo-
litters by sampling her offspring to fill the newly assigned litter size, keeping offspring and 
sire associations.  This was repeated 1000 times, and the number of sires was determined for 
each pseudo-litter.  We then compared the M-slow-sized pseudo-litters from the L-fast dams, 
with the observed M-slow litters. 
 
Results 
 
Validation of loci in populations 
Of the 146 pairwise loci comparisons for each population, 12 were found to have linkage 
disequilibrium between pairs of loci, but only one (TS10 and TelCA18 in M2 population) 
was significant after sequential Bonferroni correction.  Because these loci only showed 
linkage in one population, we assume it is an artifact and not actually due to physical linkage.  
All loci in all populations were in HWE except for TelCa3, which had significantly reduced 
heterozygosity relative to the expected in both L4 and M2 populations.  MICROCHECKER 
predicted the presence of null alleles (i.e. an allele that is not detectable due to mutation) in 
four out of the six populations used in this study (Table 2).  Three of the four instances where 
null alleles were detected, they occurred at locus TelCa3.  Therefore, for these two reasons, 
the TelCa3 locus was dropped from the paternity analysis in COLONY.  The TS2 locus 
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showed evidence of null alleles in only one population (M1), and therefore the error estimate 
of null alleles from MICROCHECKER was used for this population at this locus in COLONY.         
 The populations had similar measurements of genetic diversity, inbreeding (FIS), and 
polymorphic information content (PIC); thus the loci were equally suitable for determining 
paternity across all the populations (Table 1).  Pairwise FST values between the populations 
ranged from 0.000 between the least sampled population L3 and the other L-fast populations, 
and 0.067 between L4 and M1 populations.  Of the 15 pairwise FST values, 12 were 
significant at p < 0.05, and 11 were still significant after sequential Bonferroni corrections 
(Supplemental File 1).  This genetic differentiation among populations suggests it is unlikely 
that males from one population could be potential fathers in the other populations.  This is 
supported by our mark-recapture data over the past 30+ years, where we have captured only a 
few female migrants (unpublished data).  
 
Paternity Analysis 
The 56 litters of offspring had an average of 87% of the offspring genotyped (range = 63-
100% genotyped, combining both ecotypes).  Multiple paternity was detected in all six 
populations analyzed in COLONY (Supplemental File 2).  The maximum number of fathers 
identified in a single litter by COLONY was four, which was found in one M-slow litter 
(population M2) and in one L-fast litter (population L4).  A total of 73 sires contributed to 
these 56 litters; not surprisingly, based on our low number of male genotypes relative to the 
population sizes, 66 of these sires had unknown identities, and only seven sires had known 
identities (i.e. seven of the 150 potential fathers analyzed in COLONY).  A total of 37 out of 
413 offspring were assigned to the seven males with known identities.   
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Multiple paternity 
The percent of litters that had multiple paternity did not differ between the ecotypes:  50% of 
litters in L-fast, 38% of litters in M-slow (F = 0.05, p = 0.8218).  The average number of 
sires for each ecotype was 1.6 ± 0.7 (n = 55) sires per litter for L-fast populations and 1.5 ± 
0.7 (n = 42) sires per litter for M-slow populations, which was not statistically different (F = 
0.41, p = 0.5239).  The average number of sires per litter within individual populations 
ranged from 1.3 to 1.7 (Table 4) fathers, and did not differ significantly in any pairwise 
comparison (range of p-values:  p = 0.2291 to 0.9626).  The two ecotypes did not differ in the 
average number of sires per litter when the analyses were limited to litters that had every 
offspring genotyped (nlitters = M-slow: 14, L-fast: 8) (see Table 3); or when the L-fast 
population with the fewest number of litters (L3 = 4 litters) was dropped from the analysis.  
Population densities estimates ranged from 0.0017 snakes/m² to 0.0020 snakes/m² in the M-
slow populations, and from 0.0014 snakes/m² to 0.0098 snakes/m² in the L-fast populations.  
Effective population size estimates ranged from 99 to 122 snakes in the M-slow populations, 
and from 48 to 154 snakes in the L-fast populations.  The estimates computed in ONESAMP 
reflect current Ne, whereas estimates from a subset of these populations by Manier & Arnold 
(2005) reflect historical Ne estimated in Program MIGRATE (version 1.7.6.1) and are larger.  
 
Reproductive success 
Female reproductive success (litter size) (Figure 3A) was significantly different between 
ecotypes (LSmean for M-slow and L-fast females, respectively: 5.6 vs. 9.8 offspring) and 
among many populations:  M2(3.8) < M3(6.5) = M1(6.6) = L3(6.8) < L4(10.8) = L2(11.9), 
21 
 
      
where < indicates a significant difference, and = indicates no significant difference.  These 
differences in litter sizes between ecotypes support previous studies in this system 
(Bronikowski & Arnold 1999), with M-slow dams having significantly smaller litter sizes.  
We have hypothesized elsewhere that the larger litter sizes in L-fast females is likely due to 
larger body sizes (SVL) in L-fast populations, which was also found in this study (Table 3, 
LSmean for M-slow and L-fast females, respectively: 474 vs. 596 mm).  Dam body length 
did not significantly predict the number of sires contributing to her litter (data not shown).  
Even if we assume an extreme case – i.e., that each unsampled offspring within a litter was 
fathered by a different and unidentified male, there is still no difference in the number of 
sires in relation to dam body size (F = 0.31, p = 0.5799).   
 Reproductive success (RS) of males (Figure 3B), in this case measured as the total 
number of offspring each male sired across sampled litters from each population, was 
significantly higher (Table 2) in the L-fast ecotype (LSmean = 6.8 ± 0.7 offspring per male) 
than in the M-slow ecotype (LSmean = 4.3 ± 0.7 offspring per male).  The average 
reproductive success of males in L2 (LSmean = 8.8 ± 1.0 offspring) was significantly greater 
than all of the other populations sampled (range of LSmeans: 2.8-6.5 offspring).  Comparing 
the two ecotypes, L-fast sires fathered on average 2.4 more offspring than M-slow.  
 
Estimates of Reproductive Skew 
Within ecotypes, the distribution in reproductive success between males and females as 
analyzed by the Kolmogorov-Smirnov test did not differ (L-fast males and females: D = 0.47, 
p > 0.05; M-slow males and females: D = 0.66, p > 0.05) (Figure 3C and 3D).  However, 
when we compared the distributions of reproductive success within each sex between 
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ecotypes, we found that the L-fast males and females had significantly right-shifted 
distributions of reproductive success than M-slow males and females (Figure 3A and 3B) in 
agreement with the differences found for the means of reproductive success within each sex 
(males: D = 2.23, p < 0.001; females: D = 0.57, p < 0.0001).  The Index of Variability, which 
tests the variance among individuals of the same sex within each population was inflated 
above 1 in L-fast males, but not in:  M-slow males, M-slow females, nor L-fast females 
(Column "I-V", Table 4).  This indicates that L-fast males had greater inter-individual 
variation in reproductive success than if reproduction followed a Poisson distribution, 
whereas the L-fast females, M-slow males, and M-slow females had reproductive success 
that was more evenly spread across individuals.  The test for sire skew within litters (Column 
Skewwithin litter, Table 4) indicated that three populations showed significant skew (two L-fast 
populations and one M-slow population), which means within a given litter, some males are 
fathering more offspring than others.  This could be an indication that some form of female 
choice and/or sperm competition is present in these litters, and that a fair raffle of sperm is 
not occurring.  Within each ecotype, there was significant sire skew within litters, but the two 
ecotypes were not significantly different from one another.  This suggests that fertilization is 
not a fair raffle between the sperm of different sires, and that sperm competition or sperm 
selection by females is affecting fertilization success within the oviduct.   
 
Simulations 
We simulated the number of expected sires based on the assumptions of random mating and 
a fair-raffle fertilization (Simulation Fair Raffle).  We found that our observed number of 
sires per litter (ca. 1.5) were much lower than expected in both ecotypes (L-fast expected 
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number of sires = 7.5; M-slow = 4.5).  As well, our test for random mating and fair raffle 
within each population also had much higher expected number of sires per litter than 
observed (Table 4; compare columns SiresObs to SiresSim; Supplemental Files 2 and 3).  Given 
that the L-fast populations have larger litter sizes than M-slow populations, these simulations 
also suggest an expected positive correlation between litter size and expected number of sires 
per litter.  In addition, these simulations also provided an expected frequency of multiply-
sired litters of >99% for both ecotypes, which is higher than observed (L-fast = 50%; M-slow 
= 38%).  This suggests that sexual selection is occurring in both ecotypes, either through 
mate choice, sperm competition, or sperm selection. 
 The simulation restricting the large L-fast litters to M-slow sizes (Simulation 
Restricted), resulted in an expectation that these simulated L-fast litters would have lower 
multiple paternity than observed M-slow litters (i.e., 1.37 vs. 1.5, Pr < 0.007) (Figure 4, 
Table 4: column SiresSim_restricted).  This suggests that M-slow females may use different 
reproductive tactics than L-fast females, such as mating with more males. 
 
Discussion 
 
The snake system considered here has two ecotypes that differ in their life-history strategies.  
L-fast individuals grow fast, mature early (3yr), and reproduce more often and with larger 
effort relative to M-slow individuals that grow slowly, mature later (5 yr), and have smaller 
and infrequent litters.  Although L-fast females have larger litter sizes and reproduce more 
frequently than M-slow females, both the number of sires and the frequency of multiply-sired 
litters was statistically equivalent between ecotypes.  Based on these life-history differences 
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and assuming a polygamous mating system, we would expect L-fast ecotype to have a higher 
level of multiple paternity based on a null model of free raffle.  We found that both ecotypes 
had lower levels of multiple paternity than expected; thus we find that sexual selection is 
occurring in the form of mate selection by females, cryptic female choice (i.e. selection of 
sperm by females after insemination by males), and/or sperm competition.  The more drastic 
difference between observed and expected sires in the L-fast populations than in the M-slow, 
suggests stronger sexual selection in L-fast populations.  This is further supported by the 
higher reproductive skew among sires, both within and among litters, in the L-fast ecotype. 
A related concept within the framework of sexual selection is bet-hedging - mating 
with more males than expected - and is predicted to increase the genetic diversity of a 
female‘s offspring.  By extension, it has been hypothesized that bet-hedging would increase a 
female‘s fitness in variable or unpredictable environments by increasing the likelihood that 
some of her heterogeneous offspring would be suited for the environment that they 
encounter.  If living in a variable habitat selects for bet-hedging (i.e. a female mates with and 
utilizes sperm from many males despite any mating costs) we hypothesized that M-slow 
litters would have a higher occurrence of multiple paternity due to their ephemeral aquatic 
environment and highly variable resource availability.  Furthermore, we have elsewhere 
(Miller et al. 2011) provided evidence of a direct relationship between this environmental 
variability, energetic limitations, and the probability of ovulating, with the relevant result that 
M-slow females have limited opportunities for reproduction overall when compared to the 
females that reside in L-fast populations.  Taking into account the significantly smaller litter 
sizes in the M-slow ecotype, and the probabilistic nature of identifying more fathers with 
increased litter size, our simulations suggest that M-slow females may utilize different 
25 
 
      
reproductive tactics to compensate for small litter sizes in order to achieve the same level of 
multiple paternity as seen in L-fast populations (Table 5).  These tactics could include 
increased mating and decreased female choice, and suggest that some level of bet-hedging 
may also be occurring in the M-slow populations. 
 
Multiple paternity in a life-history context 
A prior study (Garner & Larsen 2005) on differences in multiple paternity in six T. elegans 
females from a single Canadian population found that larger females had significantly higher 
levels of multiple paternity within their larger litters, than smaller females with their 
relatively smaller litters.  Another study in T. sirtalis (Garner et al. 2002) also found that 
larger mothers with larger litters had more sires.  In contrast to these studies, we found no 
association between larger dams or larger litter size, and the proportion of multiple paternity, 
either within or between ecotypes.  Although L-fast females are larger and have larger litters 
than M-slow females, female size did not significantly predict the number of fathers 
contributing to a litter of offspring.  In a recent 10-year study on multiple paternity in the 
American alligator, Lance et al. (2009), similar to our results, found no association between 
clutch size and number of sires.  This suggests that the relationship between morphology, 
life-history, and multiple paternity is not always straightforward, both intraspecifically, as 
well as across a wider range of organisms, and is most likely complicated by many other 
ecological and physiological variables.      
 An alternative explanation for the similarity between the ecotypes in the number of 
fathers per litter might be that the reproductive morphology of the females prevents a large 
number of males from mating with each female.  This could be due to constraints of egg 
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location within the oviducts, given that the right oviduct and uterus are slightly larger in 
female snakes (Blackburn 1998), although in the limited number of deceased pregnant 
females that we have dissected, we have found no difference in the number of ova per 
oviduct (Bronikowski, unpublished data).  As well, if males produce sperm plugs, this would 
constrain additional matings (Shine et al. 2000).  However, mating plugs have never been 
observed in these populations of garter snake in over 30 years of observation, and even if 
they were present (e.g. below ground prior to emergence), they would only serve as a 
physical barrier for a very short period of time, as they dissolve within approximately two 
days (Shine et al. 2000). 
 Differences in mating strategy between males and females in the two ecotypes might 
also explain the unexpectedly similar patterns of multiple paternity found between ecotypes.  
Multiple mating has obvious direct benefits for males, but potentially less so for females, 
which could result in sexual conflict, and potentially, differences in mating strategies.  
Strategies that could result in indirect benefits to females that mate multiply include trading 
up (i.e. mating with a successive male after already mating, if the new male appears to be of 
higher quality), the promotion of sperm competition, cryptic female choice (i.e. the ability of 
the female oviduct, or ova, to select the fittest sperm for fertilization), fitness through the 
production of sons that achieve increased fitness, and bet-hedging (i.e. mating with several 
males in order to increase the genetic diversity of offspring) (Uller & Olsson 2008).  Bet-
hedging, in particular, has been found to be a viable explanation for multiple paternity in 
either small or environmentally variable populations (Makinen et al. 2007; Sarhan & Kokko 
2007), such as the populations in this study.  Although to our knowledge, only two studies 
have shown a fitness benefit for females to mate multiply in reptiles and both of these were 
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in small inbred populations (Madsen et al. 2002; Olsson et al. 1997).  Regardless, our data 
suggest the two ecotypes, and possibly populations within the ecotypes, have different 
strategies balancing between various types and strengths of ―choice‖ and bet-hedging within 
the M-slow ecotype.  
 
Multiple paternity in a demographic context 
Without strong evidence to show that females benefit from mating multiply, it is possible that 
levels of mating in reptiles may simply be a result of population density and encounter rate 
(Uller & Olsson 2008).  The similarity in the amount of multiple paternity present in both 
ecotypes does not seem to be strongly influenced by male/female encounter rates and 
population density.  Based on our population density estimates for these populations, the L-
fast populations had larger densities of individuals on average, and yet did not have a higher 
percentage of multiple paternity (Table 4).  This is particularly interesting because the 
effective population sizes between the L-fast ecotype and the M-slow ecotype are almost 
identical (ca. 100 breeding adults), meaning that the higher densities of snakes in L-fast 
populations should be yielding higher encounter rates, and presumably, more multiple 
mating.  One complication is that we do not know the effective density and encounter-rate 
specifically at the time and location of mating, most in early spring in or near each 
hibernaculum, with some fall matings observed as well.  Mating in the spring or fall can be 
affected by climatic variables, in this case likely reduced by cool spring temperatures as has 
been shown in other reptiles (Olsson et al. 2011).  Uller and Olsson (2008) also proposed that 
a female cost of mating would counter the effects of density.  It is possible that the costs of 
reproducing are different between the L-fast and M-slow ecotypes, considering the higher 
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levels of mortality by predation that occur within the L-fast populations (Miller et al. 2011).  
Therefore, even if the population densities are typically higher at lakeshore sites, there may 
be fewer matings because of the higher probability of predation, among other potential costs.  
Given that males actively seek females that produce receptivity hormones (Mason et al. 
1989), these high levels of predation could potentially have greater effects on behavior in 
males than in females, possibly causing males to reduce their movements in L-fast 
populations, which could lead to a lower encounter rate, and thus lower levels of multiple 
paternity. 
 The unexpected finding of high population densities but low levels of multiple 
paternity in L-fast populations may be a function of low male to female sex ratios.  In both 
ecotypes, more females than males were found over four years of field capture data, but in L-
fast populations, this trend was far more pronounced.  In L-fast populations, the average male 
to female sex ratio was 0.55, and in M-slow populations, it was 0.71.  Therefore, even though 
population densities are estimated to be larger in the L-fast populations, the effective 
population sizes might be smaller in these populations because of the reduction in breeding 
males.  However, it is interesting to note that while our field capture data suggest a female 
bias, our maternity and paternity data suggest a male-biased sex ratio.  This could suggest 
that our field capture methods are more conducive to finding females, particularly gravid 
ones, because of the necessity for them to bask to thermoregulate their developing offspring, 
as well as the knowledge that the gravid females captured for this study are just a subsample 
of all gravid females in these populations.   
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Conclusions and future directions 
The high population densities found in L-fast populations should facilitate a high encounter 
rate between potential mates, resulting in higher levels of multiple paternity in the L-fast 
ecotype as compared to the M-slow ecotype.  Our findings suggest that other factors beyond 
population density and male/female encounter rates might underlie the unexpected 
equivalence and low level  of average sires per litter and degree of multiple paternity found 
in comparing the two ecotypes.  Mechanisms such as sperm competition, female reproductive 
strategies (i.e. bet-hedging, female choice), and behavioral differences in males from L-fast 
populations driven by high predation, or a combination of any of these mechanisms, might 
offer a more complete representation of the complex interactions that contribute to the extent 
of multiple paternity in these populations.  In the future, studies that looked at variables 
involved in sperm competition (i.e. sperm morphology, length, and swimming speed) might 
be useful in determining if the skew observed within litters can be attributed to differences in 
sperm quality.  Controlled matings in a laboratory setting might also be helpful in 
determining if mating order has any implications for the reproductive success of males, and if 
male quality (i.e. body condition, sperm quality) have any impact on the survival of the 
offspring they sire.  Additionally, observation of mating behaviors in the field might provide 
insight into whether females are exerting choice in the form of mating preferences, or if male 
behavioral aspects (e.g. predator avoidance, mating coercion) are more important in 
determining the number of matings occurring in these populations.  However, the near 
absence of observed matings despite intensive field work during proposed mating seasons 
(early spring, late fall) suggests that observing matings in the field is not likely feasible. 
30 
 
      
 In this study, we utilized neutral microsatellites to assess reproductive success and 
population structure.  Our data suggest that in L-fast populations in particular, sexual conflict 
in mating strategy between males and females likely exists.  In a sex-specific transcriptome 
scan of these populations, we have reported elsewhere that 190 genes exhibit sex-specific 
presence and absence of expression (Schwartz et al. 2010).  Of these 190 genes, 84 were 
expressed only in females and 106 were expressed only in males.  Combining such genomic 
data with paternity data in differing life-history strategies may allow an assessment 
of potential sexual conflict genes, their roles in mating and fertilization, and how such 
conflictual gene expression is resolved at the organismal level.  For example, the female-
specific sequences were dominated by the GO term for biosynthetic processes and hormonal 
signaling, whereas many of the male-specific genes were involved in spermatogenesis and 
sperm motility.  This study also identified loci for proteins involved in sperm/egg interactions 
as highly variable and potentially under diversifying selection, which could suggest on-going 
sperm competition.  Further ecotype-specific transcriptome scans performed separately for 
males and females could also reveal differences between ecotypes in gene expression within 
the sexes, and could point to fruitful candidate loci for discerning the mechanism of 
intrasexual selection in males suggested by our findings. 
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Figure legends 
 
Figure 1.  Environmental conditions that lead to multiple mating in males and females.  
Sexual conflict is present when there is a disagreement between male and female 
reproductive strategies (after Emlen 1977).  
 
Figure 2.  Map of population locations.  M1 - Papoose, M2 - Nameless, M3 - Mahogany, L2 
- Pikes, L3 - Wildcat, L4 - Eagle Lake Field Station.  Population designations are from 
Bronikowski & Arnold 1999.   
 
Figure 3.  Distribution of reproductive success of sires and reproductive investment by dams 
by sex, between ecotypes (Panel A and B, respectively), and both sexes within ecotype 
(Panel C and D). For males, the number of offspring signifies the total number of offspring 
that can be attributed to a single male out of all of the offspring sampled within a given 
population.  For females, the number of offspring signifies the number of offspring a single 
female had within her one litter of offspring sampled.  Panel A compares male reproductive 
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success between both ecotypes.  Panel B compares female reproductive success (i.e. litter 
size) between both ecotypes.  Panel C and D compare reproductive success of males and 
females for the M-slow and L-fast ecotypes, respectively.  Panel A significant at p < 0.001; 
Panel B significant at p < 0.0001; Panels C and D not significant.  A) M-slow and L-fast 
Sires;  B) M-slow and L-fast Dams;  C) M-slow Dams and Sires;  D) L-fast Dams and Sires. 
 
Figure 4.  Distribution of average number of sires per litter for L-fast from simulations of L-
fast number of sires determined by restricting L-fast litters to M-slow litter sizes.  Frequency 
is the number of times the mean number of sires was observed out of 1,000 iterations.  The 
red line indicates the observed average number of sires for the M-slow litters (1.5 sires per 
litter).  The mean number of fathers for the simulation was significantly lower (p<0.007) for 
the L-fast litters restricted to M-slow litter sizes. 
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Table 1.  Study Samples.  Genetic diversity measures are computed from the seven microsatellite loci.  LSize is mean litter size.  
GD is Nei‘s unbiased genetic diversity.  HO is observed heterozygosity. Na is average number of alleles.  PA is number of private 
alleles, i.e., those only found in the one population.  PIC is the polymorphic information content, a measure of the information 
content of the loci for paternity analysis related to expected heterozygosity.  FIS is Wright‘s inbreeding statistic for individuals 
within populations.  PEXC is the probability of not excluding a random candidate male as the father if the mother genotype is 
known (calculated in CERVUS).  
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Habitat Sample Sizes                             Diversity Measures    
Population NAdults NMales  NFemlaes NLitters NOffspring LSize ± SD GD ± SD HO  ± SD NA  ± SD PA FIS 
PIC ± 
SD 
PEXC  
L-fast                
Total/Avg 105 33  71 30 284 9.83 ± 2.84 0.71 ± 0.05 0.71 ± 0.04 6.2 ± 2.2 6  
0.68 ± 
1.5 
  
L4 41 6  35 13 122 10.6 ± 2.38 0.72 ± 0.05 0.73 ± 0.03 6.7 ± 2.6 4 0.026 
0.67 ± 
1.4 
0.004  
L2 57 27  29 13 141 11.5 ± 3.44 0.66 ± 0.05 0.67 ± 0.02 6.9 ± 2.5 1 0.008 
0.69 ± 
1.4 
0.003  
L3 7 0  7 4 21 7.4 ± 2.70 0.75 ± 0.05 0.74 ± 0.06 4.9 ± 1.5 1 0.045 
0.67 ± 
1.7 
0.004  
M-slow                
Total/Avg 165 87  78 26 129 5.65 ± 1.92 0.71 ± 0.05 0.71 ± 0.02 7.8 ± 2.9 4  
0.64 ± 
1.4 
  
M3 50 23  27 9 51 6.44 ± 1.24 0.73 ± 0.05 0.71 ± 0.02 8.0 ± 2.6 1 0.031 
0.67 ± 
1.4 
0.003  
M2 52 25  27 9 30 4.3 ± 1.89 0.71 ± 0.05 0.71 ± 0.02 7.3 ± 3.1 2 0.026 
0.61 ± 
1.4 
0.003  
M1 63 39  24 8 48 6.22 ± 2.64 0.71 ± 0.05 0.70 ± 0.02 8.1 ± 2.9 1 0.019 
0.65 ± 
1.4 
0.003  
 Overall Total/Avg 270 120  149 56 413 7.74 ± 2.38 0.71 ± 0.05 0.71 ± 0.03 7.0 ± 2.6 10  
0.66 ± 
1.5 
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Table 2. Properties of the loci used in this study.  For the concentration used, F refers to the forward primer, and R refers to the 
reverse primer.  See text for column details. 
Locus  Multiplex Concentration 
used (ng/mL) 
Allele 
size (bp) 
Total 
Alleles 
Avg HO Avg HE Avg 
PIC  
Null 
Alleles 
Reference 
Nsu10 3 F=0.03, R=0.45 140-162 7 0.626 0.618 0.54 0 Prosser et al. (1999) 
Nsu2 2 F=0.03, R=0.45 181-185 5 0.612 0.630 0.55 0 Prosser et al. (1999) 
Nsu3 3 F=0.03, R=0.35 167-219 14 0.849 0.859 0.82 0 Prosser et al. (1999) 
TS10 1 F=0.03, R=0.35 147-187 11 0.815 0.814 0.77 0 Manier and Arnold (2005) 
TS2 2 F=0.03, R=0.15 136-169 10 0.669 0.678 0.63 1 McCracken et al. (1999) 
TelCa18 1 F=0.03, R=0.275 96-131 11 0.633 0.615 0.57 0 Garner et al. (2004) 
TelCa2 1 F=0.03, R=0.50 232-266 13 0.760 0.781 0.74 0 Garner et al. (2004) 
TelCa3* 2 F=0.035, R=0.65 91-123 9 0.579 0.692 0.63 3 Garner et al. (2004) 
Total/Avg   80 0.693 0.711 0.66 0.5  
 
* Excluded from paternity analysis due to rejection of Hardy-Weinberg equilibrium. 
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Table 3.  F-statistics for number of sires per litter, male reproductive success, and female reproductive success between L-fast and 
M-slow ecotypes, and among populations nested within ecotypes.  An asterisk denotes *Pr < 0.05, **Pr < 0.01, ***Pr < 0.001. 
 
 
 
 
 
 
 
Note:  ANF – 60% sampled = Average Number of Fathers per litter for those litters in which 60% or more of the offspring in that 
litter were sampled; ANF – 100% sampled = Average number of fathers per litter for those litters in which all (100%) of the 
offspring in that litter were sampled; FRS = Female reproductive success = the number of offspring per litter; MRS = male 
reproductive success = the number of offspring an individual male fathered within a population; SVL = Snout vent length of adult 
females with offspring in this study.  
 
 
 
   
 
Fdf1, df2   
 
Source of variation 
ANF - 60%  
sampled  (N=56) 
ANF- 100% 
sampled (N=22) FRS MRS 
 
SVL 
Ecotype 0.021, 49 0.171, 19 38.811, 49* 5.651, 67* 48.521,55***
 
Litter size sampled 1.201, 49 0.961, 19 NA NA NA 
Pop (ecotype) 0.904, 49 NA 5.72 4,49* 1.844, 67 0.674,55 
Body size NA NA 0.251, 49 NA NA 
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Table 4. Components of reproductive skew among populations for males and females.  Number of breeders in the study for each 
population (NBreeders); average reproductive success (RSAvg); percent of litters with multiple paternity (MP); Index of Variability (I-
V) among breeding individuals of the same sex in a population; skew among sires within a litter (Skewwithin-litter); observed number 
of sires  (SiresObs); simulated number of sires or percentage of  multiple paternity in null model (SiresSim_FR); simulated number of 
sires when lakeshore litters are restricted to meadow sizes (SiresSim_Restricted); population density in snakes per meter squared 
(Population Density).  An asterisk denotes *Pr < 0.05, **Pr < 0.01, ***Pr < 0.001. 
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Ecotype Pop NBreeders RSAvg MP I-V Skew 
within  litter 
SiresObs Sires 
Sim_FR 
Sires 
Sim_Restricted 
 
Male to 
female 
sex ratio 
Population 
Density 
L-fast    50%   1.6 99.7% 1.37  0.0056 
 Dams 34          
 L4 14 10.6 62% 0.53  1.7 6.7  0.25 0.0014 
 L2 15 11.5 38% 1.03  1.5 7.0  0.62 0.0098 
 L3 5 7.40 50% 0.99  1.6 3.1  0.86 NA 
 Dam 
Avg. 
 9.81 50% 0.85  1.6 5.6  0.55  
 Sires 41    0.23***      
 L4 19 6.53  2.85 0.28**      
 L2 17 8.76  3.97 0.19*      
 L3 5 5.00  1.5 0.15      
 Sires 
Avg. 
 6.76  2.77       
            
M-slow    38%   1.5 99.6% 1.5  0.0019 
 Dams 28          
 M3 9 6.44 44% 0.24  1.4 4.5  0.97 0.002 
 M2 10 4.30 44% 0.83  1.7 3.1  0.68 0.002 
 M1 9 6.22 25% 1.12  1.3 4.0  0.40 0.0017 
 Dam 
Avg. 
 5.66 38% 0.73  1.5 3.87  0.71  
 Sires 32    0.15**      
 M3 11 4.64  0.96 0.17*      
 M2 12 2.83  0.82 0.07      
 M1 9 5.56  1.27 0.27      
 Sires 
Avg. 
 4.34  1.02       
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Table 5. Evidence for sexual selection in each ecotype.  Sexual selection is used generally to 
include mate choice along with in utero selection via sperm competition and sperm selection 
within the oviduct or by the ova. 
 
  
Comparison Predictions Predictions met? 
Between ecotypes If sexual selection exists we 
would observe lower 
incidence of multiple 
paternity than expected 
based on a fair raffle.  
 
Yes for both ecotypes, 
although more extreme in 
L-fast. 
[See Simulation Fair 
Raffle.] 
Between ecotypes If different levels of sexual 
selection exist between 
ecotypes, then expect L-fast 
to have a different number 
of sires and frequency of 
multiple paternity, when 
limited to M-slow size 
litters. 
Yes, when limited to M-
slow size litters, L-fast 
litters had fewer than 
expected sires.  This 
suggests stronger sexual 
selection within L-fast, or 
relaxed sexual selection or 
different or additional 
strategy in M-slow. 
[See Simulation Restricted] 
Between ecotypes, within 
males 
If different levels and/or 
type of sexual selection 
exist between ecotypes, 
distributions of reproductive 
success would be different 
among males of each 
ecotype. 
Yes. 
[See Kolmogorov-Smirnov 
test.] 
Within a population If sexual selection exists 
then there would be 
elevated variation among 
males in a population. 
Yes for L-fast. 
No for M-slow. 
 [See Index of Variability 
test.] 
Within litters If in utero selection via 
sperm competition or 
cryptic female choice 
occurs, then would expect 
to see skew within litters 
among the successful sires. 
Yes, in 2 L-fast populations. 
No, in 2 M-slow 
populations. 
No, between the L-fast and 
M-slow ecotypes. 
[See within litter skew.] 
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Figure 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
Dams 
Bet-hedging 
Variable environments lead 
to bet-hedging, which leads 
to an increase in multiple 
paternity 
Female choice 
Constant environments lead 
females to be more selective, 
which leads to a decrease in 
multiple paternity 
Males 
Males want to 
mate with as 
many females 
as possible in 
any condition, 
as long as 
mating is not 
costly 
Sexual 
agreement 
Sexual 
conflict 
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Figure 3 
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Figure 4 
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Supplemental Material 
 
Supplemental File 1:  Relationships among populations. Pairwise FST values (7 loci) below 
diagonal.  Effective population size (Ne) is also show for each population, excluding L3, 
which had too few samples to accurately estimate Ne. 
 
   
Ne:           
L4  
48.1 
L2 
154.5 
L3 
NA 
M3 
121.7 
M2 
107.7 
M1 
99.1 
L2 0.019       
M3 0.069 0.065 0.039    
M2 0.072 0.067 0.042    
M1 0.075 0.076 0.046 0.008   
Only significant values after sequential Bonferroni correction are shown. 
 
 
 
 
 
Supplemental File 2:  Observed (Obs.) and simulated (Sim.) number of sires per litter in L-
fast populations when each offspring within a litter is randomly assigned a father based on 
the total number of sires observed.  ELFS = population L4, PK = population L2, WC = 
population L3. 
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Supplemental File 3:  Observed (Obs.) and simulated (Sim.) number of sires per litter in M-
slow populations when each offspring within a litter is randomly assigned a father based on 
the total number of sires observed.  MH = population M3, NL = population M2, PA = 
population M1. 
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Supplemental File 4:  Column chart showing the number of fathers contributing to each 
litter as well as population level male reproductive success in M-slow (A) and L-fast (B) 
populations.  The solid shading (white and dark gray) indicates males that fathered offspring 
in only one litter, and do not correspond between litters (e.g. the solid white and gray bars in 
population M3, litter 2, DO NOT represent the same fathers as the solid white and gray bars 
in populations M3, litter 4).  The patterned columns indentify males within populations that 
fathered offspring in two or more litters.  The negative values in the columns represent the 
remaining offspring within a litter that were not genotyped.  An asterisk above a litter 
indicates that the litter was dropped from the analyses because less than 60% of the offspring 
in the litter were genotyped. 
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Abstract 
 
Plasticity and local adaptation in life-history strategies often involve a fundamental trade-off 
between reproductive output and survival.  These differential life-history strategies often 
evolve among populations that experience variable selective pressures, and are mediated by 
physiological mechanisms, such as the hormonal regulation of behaviors and reproductive 
processes.  In this study, we utilize populations of the western terrestrial garter snake 
(Thamnophis elegans) to test for variation in plasma levels of testosterone and corticosterone, 
two hormones involved in mating behaviors and direct regulation of reproductive processes.  
Our study populations exhibit variation in life-history traits that falls along a continuum of 
fast-to-slow pace of life.  Individual populations are either of the faster ecotype with rapid 
growth, early maturation, high reproductive effort and short median lifespan, or the slower 
ecotype with the opposite patter of life history traits. We found that males in the populations 
with high reproductive effort had higher plasma levels of testosterone than the males of the 
opposite life-history strategy after controlling for both age and condition.  We also found that 
testosterone levels vary with size depending on the ecotype, which suggests that testosterone 
might vary with age.   Plasma corticosterone concentrations were not significantly different 
between the males of the two strategies and females showed no differences in either 
testosterone or corticosterone levels.  We discuss these findings in terms of reproductive 
success and skew, immune function, and potential consequences on overall fitness.          
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Introduction 
 
 
Divergence in life-history strategies has been well documented in many species whose 
populations experience different selective pressures, such as differences in predation, 
resource availability, and otherwise heterogeneous environments (Lack, 1954).  Life-history 
strategies can often be described as a suite of correlated traits such that species, or individuals 
within species, fall along a slow-to-fast pace-of-life continuum. On the slow end of the pace-
of-life continuum, individuals exhibit such traits as slow sexual maturation, smaller body 
size, increased lifespan, and decreased reproductive output in favor of survival, whereas the 
fast end of the pace-of-life continuum favors faster sexual maturation, larger body size, 
decreased lifespan, and increased reproductive output over survival (Stearns, 1989).  These 
differential life-history characteristics can often be understood in a broad (ultimate) sense 
(i.e. general evolutionary trends in reproduction, growth, and survival), or in a mechanistic 
sense, at a level that considers the factors thought to be driving these differences in 
characteristics (i.e. physiological processes) (Stearns, 1976). In a single species that exhibits 
pronounced variation in life-history strategies (i.e. fast vs. slow life-history strategy 
differences), the underlying factors are more discernable, thus making natural populations of 
such a species an opportune system in which to test for differences in the physiological 
aspects among differing life-history trajectories.                
Physiological processes related to, for example endocrine function or energy acquisition, 
within an individual underpin many of the activities and behaviors conducted by the 
organism on a daily, seasonal, and annual timescale. In particular, hormonal cycles play a 
key role in the regulation of many behaviors and processes that are directly related to the 
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fitness of an organism (i.e., reproductive behaviors and processes) (Ketterson and Nolan, 
1999). Hormones also impact an organism‘s ability to defend itself against infection in cases 
of long term plasma level elevations of some hormones, particularly androgens (Folstad and 
Karter, 1992; but see Hasselquist, 2007 and Fuxjager, 2011). Variation in one such androgen 
- testosterone - has been studied in a wide range of vertebrates, primarily from the male 
perspective, including some fish (Munakata and Kobayashi, 2010), numerous mammals 
(Leonard and Winsauer, 2011), and many birds and reptiles (Garamszegi et al., 2005; 
Woolley et al., 2004), and can elicit a wide range of responses across these classes of 
organisms. In cichlid fish, testosterone has been found to influence brain lateralization 
differences between sexes, specifically influencing visual lateralization of predator 
assessment (Schaafsma and Groothuis, 2011). In mammals, as in many other classes of 
organisms, testosterone is critical for sperm production and male reproductive behaviors, as 
well as characteristics that are not strictly associated with reproduction, like aggression, 
territoriality, and social status (Buck and Barnes, 2003; Dixson and Anderson, 2004). In 
many species, testosterone production impacts and is impacted by trade-offs between the 
need to care for hatchlings versus the need for elevated testosterone to obtain more matings 
(Reed et al., 2006). In many reptile species, similar patterns and processes of testosterone 
regulation in regard to reproductive trade-offs are present.  For example, testosterone 
production is often disassociated from mating and is more strongly associated with sperm 
production (Schuett et al., 1997). However, increases in testosterone can also result in a 
decrease in fitness because testosterone has been shown to have negative consequences on 
immune function, often in the form of increased parasite loads (Folstad and Karter, 1992; 
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Mougeot et al., 2006), thereby suggesting the existence of trade-offs in the regulation of this 
hormone.  
Trade-offs surrounding the production of testosterone in association with the regulation 
of survival and reproductive processes (i.e. trade-offs in life-history characteristics) are still 
not well understood in most reptile species. Behavioral effects of testosterone have been 
particularly challenging to study in snakes because of their cryptic and often difficult to 
observe mating behaviors. However, a wide range of findings on the seasonality and 
environmental conditions corresponding to plasma testosterone levels in snakes have been 
reported. In most snake species studied thus far, testosterone elevations in males are 
associated with mating periods (Graham et al., 2008). The male red-sided garter snake 
(Thamnophis sirtalis concinnus), however, possesses a dissociation of elevated testosterone 
and mating, with testosterone highest in September, five to eight months after mating, and 
during the time when spermatogenesis occurs (Krohmer et al., 1987; Moore et al., 2000).  In 
addition to these seasonal reproductive fluctuations in testosterone, variation in 
environmental conditions, such as resource availability, habitat condition, and temperature 
can change the way testosterone production responds in different populations within a 
species (Dunlap and Wingfield, 1995; Moore and Jessop, 2003).  However, a broader 
understanding of the relationship between testosterone and such environmental variation has 
been hampered because of the difficulty of making comparisons across species. 
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Materials and Methods 
 
Study system 
Populations of the western terrestrial garter snake surrounding Eagle Lake, CA, exist in two 
types of habitats that differ in many environmental characteristics, including predation rate 
(A. M. Sparkman and S. J. Arnold, unpublished data), food availability (Miller et al., 2011), 
elevation, and temperature (Bronikowski and Arnold, 1999).  These differences in habitat, 
along with a genetic component (Bronikowski, 2000), have resulted in the divergence of two 
life-history strategies on opposite ends of the pace-of-life continuum, which are herein 
referred to as ecotypes.  Directly around the rocky lakeshore, garter snake populations 
experience an overall warmer climate, higher predation, and a more constant food supply, 
whereas in the surrounding higher elevation meadows, garter snake populations experience a 
cooler climate, fewer predators, and more variability in food sources.  In lakeshore (L-fast) 
populations, individuals have shorter lifespans (median, 4 years), are larger in body size, 
develop to sexual maturity more quickly, have larger litter sizes (avg. 8 offspring), higher 
male reproductive success (avg. 7 offspring; range: 1-26 offspring), and annual reproduction 
by females. In meadow (M-slow) populations, individuals have longer lifespans (median, 8 
years), are smaller in body size, develop slower to sexual maturity, have smaller litter sizes 
(avg. 4 offspring), lower and more evenly distributed male reproductive success (avg. 4 
offspring; range: 1-10 offspring), and females often skip years in reproduction based on food 
availability (summarized from M. Manes, Chapter 1).  
  These populations provide a useful system in which to study hormonal responses that 
are thought to be the mechanistic force mediating life-history divergence (Sinervo and 
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Svensson, 1998).  Our objectives for this study were (1) to quantify variation in testosterone 
production as it relates to these two ecotypes, and (2) to relate testosterone variation to 
environmental variation within this study system including several potential co-varying 
physiological variables and for the effects of annual variation and some monthly variation. 
Plasma concentrations of corticosterone, a glucocorticoid involved in stress and immune 
function in reptiles, have been found to differ between ecotypes (Palacios et al., 2011). 
Therefore, corticosterone was included because this hormone may be elevated during periods 
of testosterone elevation as a means of energy mobilization during the energetic time of 
reproduction (Moore et al., 2000; Wingfield et al., 1998). Snout vent length (SVL) was 
included because it is a strong indicator of age in snakes, and differs markedly between 
ecotypes (Bronikowski and Arnold, 1999). Body condition, a measure of association between 
weight and length, and defined as the residuals from a regression of the log10 of SVL and the 
log10 of weight, was included as a measure of overall health of an individual. Finally, the 
presence or absence of infection with a parasitic species of flatworm (Alaria spp, Class 
Trematoda) that occurs in meadow habitats (Robert and Bronikowski, 2010), was included 
because some studies have found a positive association between parasite loads and plasma 
concentration of testosterone (Salvador and Veiga, 2000; Salvador et al., 1996; Weatherhead 
et al., 1993).   
 We collected blood samples, and measured testosterone over a 5 year period (2006-
2010) for up to three summer months (May-July) to establish annual and seasonal trends in 
testosterone production. We predicted that testosterone levels would be higher in individuals 
from the lakeshore habitat types because they exhibit a fast-paced life history (L-fast), given 
that they have short lifespan relative to M-slow individuals, with large annual reproductive 
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investments. We reasoned that this difference in reproduction between the two ecotypes - L-
fast invest heavily in reproduction whereas M-slow have low reproductive effort per year -  
would make the elevation of testosterone crucial for the process of spermatogenesis, which is 
thought to occur in the fall. Furthermore, because the reproductive success of males (i.e. the 
number of offspring a male fathers across litters in a population) from L-fast populations is 
twice that of M-slow males, we further reasoned that higher testosterone may underpin more 
intense intrasexual competition proposed for L-fast males (M. Manes, chapter 1).    
 
Population samples 
Blood samples were collected from males from nine populations in the L-fast (n=5 
populations) and M-slow (n=4 populations) ecotypes around Eagle Lake, between 2006 - 
2010 (Table 1).  One hundred and sixteen females were also sampled from across these 
populations and ecotypes.  Upon capture, sex, snout-vent length (SVL), and weight were 
determined, and an examination of the tail was conducted in order to detect the presence of 
parasitic trematodes as part of standard field protocol (Bronikowski and Arnold, 1999).  All 
blood samples were collected using small gauge insulin syringes from the caudal vein below 
the cloaca in volumes ranging from 50-100 µl of blood, and were taken within ten minutes 
from time of capture, to minimize handling stress effects on hormones.  After collection, the 
blood samples were kept on ice and then separated into cells and plasma by centrifugation, 
which usually occurred within four hours of collection.  The plasma was stored in liquid 
nitrogen until returning to Iowa State University, where it was then stored at -80°C until used 
in the assays.   
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Testosterone and corticosterone assays 
Testosterone and corticosterone levels were assayed using double antibody 
125
I RIA kits from 
MP Biomedicals (see Palacios et al., 2011 for corticosterone assays protocol).  The protocols 
from each kit were followed with a modification to the volume of plasma and reagents used.  
Duplicate samples of a pooled plasma control were run with each assay, and samples were 
run in duplicate.  A parallelism test (Figure 4) was run in order to establish the validity of 
using the kits with snake plasma, in which the plasma pool was diluted by half in a series of 
four dilutions.  The protocols for the kit were followed, although the volumes of all reagents 
and plasma samples were reduced by a factor of five due to the limited amount of plasma 
available for each samples.  After the assay was complete, radioactivity of the precipitate was 
counted in a gamma counter.  These values of radioactivity were then used to calculate the 
testosterone concentration for each individual based on a standard curve generated for each 
assay (Figure 5).  A total of 10 assays were conducted using three testosterone kits (intra-
assay CV:  23.5; inter-assay CV:  26.8). 
 
Statistical analysis 
Statistical analyses were performed in SAS 9.2 (SAS Institute). Differences in testosterone 
concentrations were tested using a mixed-model ANOVA. All hormone values were log10 
transformed in order to achieve normalcy.  We tested for significant explanatory variables for 
testosterone variation with the following model: 
 
Y = SVL + body condition + ecotype + year + Julian date + (ecotype x year) + (day x year) + 
(ecotype x SVL), 
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 where the covariates are SVL (snout-to-vent length) and body condition (residuals from a 
length on weight regression).  Ecotype (M-slow vs. L-fast), year (2006 – 2010), and date 
were fixed effects.  Population nested within ecotype was a random effect. We also tested for 
interactions of (ecotype x year), (year x day), and (ecotype x condition). We subsequently ran 
two post-hoc analyses to test for an effect of trematodes and for an effect of corticosterone. 
We did not include these in our main model because in one year, trematode data were not 
collected, and we measured corticosterone only for those individuals for which we had 
enough plasma after the testosterone assay.   
 
Results 
 
Female testosterone levels were lower than in males (LSmean: 0.3 ng/mL; range: 0.0 - 7.6 
ng/mL) and were not explained by any effects in the model (Figure 1a). 
Testosterone concentrations were significantly higher in L-fast males than in the M-
slow males; LSmeans: L-fast (1.8 ± 0.3 ng/mL), M-slow (0.8 ± 0.3 ng/mL) (Table 2, Figure 
1b). Testosterone increased significantly with increasing length (SVL) and with increasing 
condition (Figures 2 and 3). Moreover, ecotype and SVL interacted significantly (Table 2) 
such that the rate at which testosterone increased with size in L-fast snakes was higher than 
the size-related rate of increase in M-slow snakes. Testosterone was not significantly 
associated with any of the other variables tested (day sampled, year sampled, the interaction 
of day sampled and year sampled, or the interaction of year sampled and ecotype) (Table 2).  
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Testosterone did not vary significantly with either corticosterone, trematode infection, or 
corticosterone and trematode infection considered together (Table 2).  
 
Discussion  
 
Our results on fast- and slow- pace-of-life ecotypes of garter snakes support our hypothesis 
that males of the L-fast ecotype have higher concentrations of testosterone than do males of 
the M-slow ecotype.  These ecotype differences in testosterone concentrations are strongly 
associated with several covariates that are tied into male reproduction within these two 
ecotypes. Snout-vent length (SVL) has been show in previous studies (Bronikowski, 2000; 
Bronikowski and Arnold, 1999), to be consistently higher in the L-fast ecotype, and in this 
study, longer SVL was associated with a higher concentration of testosterone (Figure 2).  
Moreover, this positive relationship between testosterone and body size was more 
pronounced in the L-fast ecotype. Although body condition did not differ significantly 
between the two ecotypes, individuals with better body condition also had higher levels of 
testosterone (Figure 3). These findings are in contrast to studies done in the red-sided garter 
snake (Thamnophis sirtalis concinnus), and the asp viper (Vipera aspis), where no 
association between body condition and testosterone concentration was found (Aubret et al., 
2002; Moore et al., 2000). 
 Plasma corticosterone concentration did not vary with testosterone concentration in 
our study, although corticosterone has been found to be higher in the M-slow ecotype in this 
system across both sexes and all age classes (Palacios et al., 2011), whereas testosterone is 
lower in the M-slow ecotype. Corticosterone concentration is known to influence immune 
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function in a wide range of organisms (Klein, 2000), and co-varies with testosterone in the 
red-sided garter snake (Thamnophis sirtalis concinnus) (Moore et al., 2000). However, in 
other snake species, studies have found either a dissociated pattern between elevation 
between testosterone and corticosterone, or year round consistency in corticosterone levels 
(Lind et al., 2010; Taylor et al., 2004).  Therefore, a hormone profile over a larger time span 
is needed for this species to truly discern the cycling of these two hormones. 
 In an effort to understand potential correlations between immune function and 
testosterone, we examined the relationship between testosterone and trematode infection rate 
but only in M-slow males because this parasite only occurs in meadow ponds. In this 
ecotype, there was no significant correlation between trematode infection and testosterone.  
Several other studies in birds and lizards and  have found a positive association between 
testosterone and parasite loads (i.e. more parasites are found in individuals with higher 
testosterone levels) (Salvador et al., 1996; Weatherhead et al., 1993). In contrast, we found 
the highest level of testosterone in the L-fast populations that do not have these trematode 
parasite infections. However, the one species of parasite measured in this study does not 
encompass the full range of infectious agents that could be present in our study populations, 
therefore a more thorough account of possible parasites and effects on testosterone is needed 
to address parasitic ecotype differences.   
 Due to the fact that our study included a three month sampling period (May – July) 
and did not encompass the spermatogenic period in this species (fall), we cannot report on 
peak testosterone timing (late July – early September).  Future studies in this system would 
benefit from a sampling period that extended into the late summer and early fall, when 
spermatogenesis is proposed to occur in this species (Fox, 1952).     
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 The higher average testosterone levels in the L-fast individuals could have profound 
effects on many aspects of the biology of these organisms. A recent study of multiple 
paternity and male reproductive success in this species found that L-fast males had 
reproductive success that was skewed toward fewer males fathering more of the offspring 
within a population, whereas the M-slow males had a more even distribution of reproductive 
success across males within populations (M. Manes, Chapter 1).  The higher mean 
testosterone concentrations among males of the L-fast ecotype could help mediate increased 
competition, whether through physical means, or through increased sperm production leading 
to differences in sperm competition. Because it is the strategy of L-fast males to reproduce 
more frequently over a shorter lifespan, elevated testosterone could help achieve these ends, 
whereas for the M-slow males, higher immune function, which could increase lifespan, could 
be favored over annual reproduction, leading to the differing life-history strategy that they 
exhibit.  Increased testosterone in L-fast males could also be detrimental to survival, since 
testosterone is known to increase activity (Marler and Moore, 1988), which could promote 
higher predation rates.  Higher predation risk in L-fast populations compared to M-slow 
(Miller et al., 2011), may be exacerbated by testosterone in L-fast males. Because males are 
actively seeking females due to the receptivity pheromones produced by females during the 
mating period (Mason et al. 1989), males are more likely to be effected by predation 
influenced by increased activity levels.  
 These findings support the hypothesis that garter snakes that show fast pace-of-life 
characteristics (i.e. short life, large litters, fast maturation, and annual reproduction) have 
overall higher levels of plasma testosterone.  This hypothesis is further supported by the 
statistically significant association of SVL and body condition with increased testosterone, 
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suggesting that these differing life-history strategies and characteristics are linked to 
physiological differences in hormone production.  Future studies in this system would benefit 
from behavioral observations and tests of sperm competition that would target some of the 
aspects associated with reproductive success in males, as well as an increased sampling 
period that could elucidate seasonal changes in testosterone and corticosterone values during 
different stages of the reproductive cycle.  
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Figure legends 
 
Figure 1.  Average testosterone values for males (a) and females (b) in the L-fast and M-
slow ecotypes. 
 
Figure 2. Plot of testosterone concentrations against snout-vent length (SVL) for all males in 
the L-fast and M-slow ecotypes. 
 
Figure 3.  Plot of testosterone concentration against body condition for all males in the L-fast 
and M-slow ecotypes. 
 
Figure 4.  Parallelism curve from diluted pooled control. 
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Figure 5.  Example of standard curve generated by control samples of known testosterone 
concentration. 
 
 
Tables and Figures     
 
 Table 1.  Sample sizes across years for males in both ecotypes. 
 
  
Year Months 
sampled 
L-fast Males Meadow 
Males 
L-fast 
Females 
M-slow 
Females 
2006 May 7 10 4 6 
 June 10 18 6 6 
 July 6 15 6 7 
2007 May 21 13 6 6 
 June 18 19 7 6 
 July 4 0 4 0 
2008 May 9 18 2 1 
2009 June 3 0 2 0 
 July 10 35 4 2 
2010 June 22 27 12 14 
 September 1 5 5 10 
Total  111 160 58 58 
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Table 2. Analysis-of-Covariance for female and male garter snake testosterone values for all 
females, all males, and groups of males for which we have additional covariates. Significant 
p-values are bolded and asterisked, where:  *P<0.05, **P<0.01, and ***P<0.001 alpha level.  
Samples sizes for each model are indicated by N.  The additional subsamples of males 
include: males having corticosterone data; males having trematode incidence (only relevant 
in M-slow populations); and a further subsample of these M-slow males for which we have 
both trematode incidence and corticosterone levels. 
 
 
Note:  Not all males have all covariates measured due to limited plasma volume (in the case 
of the covariate corticosterone), or limited field observation (in the case of the covariate 
trematode). 
 
 
 
Samples of males for which we had 
additional covariates 
 
N=116 N=270 N=180  N=127 N=81 
Source of Variation 
 
 
 
 
All 
females 
All males 
Males having 
corticosterone 
data 
 
M-slow 
males 
having 
trematode 
data 
 
M-slow 
males having 
corticosterone 
and 
trematode 
data 
Ecotype 0.951,7 10.891,9** 4.081,9  -- -- 
Year 1.274,91 0.584,243 0.804,154  1.804,115 0.384,68 
Day 0.001,91 0.111,243 0.741,154  0.081,115 0.531,68 
BodyCon 0.151,91 20.111,243*** 7.911,154**   3.301,115 4.281,68* 
SVL 1.861,91 16.511,243*** --  -- -- 
logCort -- -- 1.251,154  -- 0.121,68 
Trems -- -- --  2.711,115 1.141,68 
Ecotype*Year 1.114,91 2.064,243 1.554,154  -- -- 
Day*Year 1.014,91 0.784,243 0.754,154  2.144,115 0.354,68 
Ecotype*SVL 0.871,91 7.211,243** --  -- -- 
79 
 
  
 
a)     
 
 
 
b) 
 
Figure 1 
0 
0.5 
1 
1.5 
2 
2.5 
T
es
to
st
er
o
n
e 
co
n
ce
n
tr
a
ti
o
n
 
(n
g
/m
L
) 
Ecotype 
L-fast 
M-slow 
0 
0.05 
0.1 
0.15 
0.2 
0.25 
0.3 
0.35 
0.4 
T
es
to
st
er
o
n
e 
co
n
ce
n
tr
a
ti
o
n
 (
n
g
/m
L
) 
Ecotype 
L-fast 
M-slow 
80 
 
  
 
 
 
Figure 2 
 
 
 
Figure 3 
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Figure 4 
 
   
 
Figure 5 
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CHAPTER 4.  GENERAL CONCLUSIONS 
 
 The ability of an organism to successfully pass on its genes to the next generation is 
the ultimate measure of its fitness.  My thesis provides evidence that, even within the same 
species, the strategies and mechanisms by which this fitness is obtained can be quite 
different, depending on environmental conditions.  In both variable and constant 
environments, the prevalence of multiple paternity would appear to be identical at first 
glance.  However, when the number of offspring produced by individuals in these two 
environments is considered, it is evident that even though individuals in variable 
environments have fewer offspring at a time, they have a higher occurrence of multiple 
paternity.  Because these individuals have fewer offspring at a time, the increased multiple 
paternity could serve as a means to increase the genetic diversity of their offspring, so that 
they might be better suited to survive the variation present in their environment.  In the 
constant environment, where multiple paternity is less prevalent, reproductive skew, in which 
a few males in the population are fathering a majority of the offspring, is more pronounced.  
These findings point to further differences in the reproductive strategies utilized by the 
individuals on these divergent life-history paths. 
 My research also provides evidence that the differences in reproductive strategies and 
overall differences in reproductive skew observed between individuals in these two 
environments could be mediated by physiological differences in hormone production.  Males 
in the constant environment have higher levels of circulating testosterone than those males in 
the more variable environment.  This suggests that testosterone might be for the high 
reproductive skew in the individuals in the constant environment, via such pathways as 
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increased sperm competition, or perhaps aggressive behaviors.  Although this connection 
warrants further inquiry, my thesis provides a strong foundation for future studies concerning 
differing reproductive and life-history strategies, and the mechanisms that are responsible for 
these differences.  
 
 
